There have been substantial conflicts in the human-water relationship in the Huaihe River Basin (HRB). To achieve sustainable economic development without degrading the water environment in the HRB, we develop a three-dimensional water environmental supporting capacity (WESC) model based on water environmental carrying capacity (WECC), water environmental pressure (WEP), and water pollution prevention and control capacity (WPPC). Geographic information systems spatial analysis with the analytical hierarchy process method and dynamic weighted summation is applied. Several proposals for suitable locations for industry and environmental protection strategies for water were presented. The following results were obtained. (1) The spatial differences in WECC are substantial; areas with high-value WECC zones are mainly located along the main stream of the Huaihe River on the south side. WEP is generally high, with an overall low level of pollution prevention and control in the whole HRB. WPPC and WEP show high spatial overlapping due to the fact that areas with higher environmental pollution usually have high level of economic development, and thus have a strong capacity for pollution control. (2) Overall, WESC is moderate in the HRB. In particular, areas with a high WESC value only account for 56.24% of the HRB in 2010. Distinct differences in WESC also exist between areas located in the south compared with in the north of the basin, and areas alongside the downstream region compared with alongside the upstream and midstream regions. (3) Consequently, according to the guidance for industry zoning in the HRB, the areas in the south and alongside the downstream and sub-streams with a low WEP value and high WECC and WPPC, traditional industries should be developed based on strict environmental access and pollution emission standards. While for the areas along the midstream of the HRB and along the whole Yishusi River Basin, which have a high WEP value, industrial restructuring and technological upgrading are suggested. Action should be taken to limit development and protect the environment in the upstream region of the basin, which is a key source of drinking water, in the eastern route along the line of the South-to-1200
Introduction
Water is an important resource that is essential to basin development. Therefore, the quality of the water environment directly affects the rate and features of basin development. With the acceleration of urbanization, industrialization, and agricultural modernization, the emission load of water pollution has been increasing sharply, whereas the quality of the water degrading rapidly. Given these circumstances, key Chinese basins are severely affected by water environmental pollution across the world (Dong et al., 2014; Ouyang et al., 2006; Ren et al., 2014) . The Chinese government has consistently implemented long-term measures to manage these urgent concerns. However, the overall worsening trends in water pollution in basin areas have not been effectively contained. The severe problems with water pollution have also weakened the economic development of the water environment, making it a bottleneck for the sound development of basins (Jiang, 2009; Nian et al., 2014; Zuo et al., 2014) . The Huaihe River Basin (HRB) is one of the most densely populated areas with a large grain production capacity, and the core ability to undertake industrial transfer. As one of the basins with the greatest human-water conflicts, the HRB has witnessed numerous serious water environmental issues, the longest treatment processes, and highest cancer incidence (Tian et al., 2013; Zhuang, 2014a, 2014b; Zhang et al., 2014) . The basin has a dual water cycle and the use of water resources and the relationship between the cycle and development are complex. Moreover, the increase in the social water cycle flux takes up almost all the natural runoff, and the water quality is worsened further by industry, agriculture, and domestic sewage. Currently, basin eco-compensation (Xie et al., 2013; Zhang et al., 2012) , water rights trading (De Mouche et al., 2011) , emission trading (Tong et al., 2009) , enterprise pollution transfer (Cai, 2008; Li et al., 2013) , clean production, and other mechanisms have not been fully established. Adjustment of the industrial structure, pollution control, and governmental environment monitoring system are incomplete, and the management, protection, and development of the basin water environment lack systematic guidance and overall design (Xia et al., 2011) . More seriously, the threshold for environmental access in the Yangtze River Delta has increased for the past few years, resulting in a large number of high-pollution enterprises, such as textiles, dyeing and printing, rubber, plastics, and petrochemical engineering, in the HRB, pollution industry transfer from the developed areas to the nearby underdeveloped areas (Zhao and Jiang, 2013) . Meanwhile, agriculture in the basin has reached its extreme output limit because farmers disproportionately use pesticides, fertilizers, mulching film, and other chemicals to increase production. This has resulted in a huge excess of ammonia nitrogen in surface water, causing serious nonpoint source pollution in the basin (Zhang and Huang, 2011; Zhou et al., 2013) . Extensive development, industrial pollution transfer, extreme agricultural growth, and a surge in nonpoint source pollution are the most recent challenges experienced by the basin. However, identifying and regulating geographical sources of pollution is difficult.
The Huaihe River is generally regarded as the geographical dividing line between northern and southern China, and shows distinct spatial differences in geomorphic features, ecology, assimilative capacity, water quality goals, and water environmental pressure (WEP). The development priorities of industries in this basin are also distinct. If the water environment constraints, WEP, and industrial controls are not considered, the water quality of the basin will deteriorate rapidly because the pollution load exceeds the water environmental capacity. Moreover, the self-purification and supply capacities of the water resource will also be damaged (Sun et al., 2011) . Therefore, proper control and management of water resources is the scientific bases for protecting the basin environment and optimizing industrial development, and thus become a major focus of research worldwide. Numerous scientific publications and international journals have explored this subject matter, and the United States Environmental Protection Agency (EPA), European Union, and World Wide Fund for Nature continuously analyze and emphasize the importance of research in this field. In 1987, the EPA proposed the concept of water eco-function zoning. In particular, the EPA proposed eco-zoning of rivers, lakes, and other bodies of fresh water to form a three-pronged management system based on water eco-environment zoning. The system is designed to maintain, protect, and restore the integrity of the water environment and water eco-systems by conducting joint consultations and supervision among the interested parties (McMahon et al., 2001; Omernik, 1987) . In 2000, the European Commission established the Water Framework Directive, which categorized surface water into rivers, lakes, transitional waters, and coastal waters, and extended the zoning classification system to water eco-systems in order to protect the water environment and manage water resources (Hering et al., 2010; Kallis and Butler, 2001 ). The UK, Denmark, Greece, and other countries investigated zoning of the water environment according to their national management demands on water resources to coordinate the demands of governmental water management departments, public participation, water volume, water quality, and aquatic ecology (Mylopoulos and Kolokytha, 2008; Singh et al., 2008; Snelder and Biggs, 2002; Soendergaard et al., 2005) . In China, national water resource zoning, eco-hydrology zoning (Yang et al., 2008) , function zoning of the water environment (Xia, 1989) , water environmental carrying capacity (WECC) of water resources, and the support for forced zoning have been assessed since 1980. The complete zoning and management assessment system for basin water resources, water ecology, and water environment play a key role in the use of basin water resources, protecting the water environment, and regional economic development (Li and Li, 2012; Wang and Zhu, 2002; Wang et al., 2000; Zhou et al., 2007) . However, the literature on Chinese water environment zoning mainly deals with bodies of water, in which the majority of the assessment indicators are environmental background factors. In particular, there is little research on human-land and human-water binary relationships because of inadequate consideration of the multiple stress effects of human activities on the water environment, and indifference to the role of pollution control in improving regional water quality and controlling the effects of policy and market factors (Liu et al., 2010; Zuo and Zhao, 2009) . Water resource and function zoning of the water environment must be considered on a national scale. Based on administrative regions or water function zones, the overall relationship between the water body and surrounding terrestrial ecosystem and socioeconomic system is fragmented in the nationwide approach. The existing management framework and basin zoning cannot effectively recon-cile the conflict and contradictions in water use among the upstream, midstream, and downstream regions, and the left and right banks of the HRB. Moreover, this framework and zoning cannot properly manage and guide the requirements for water quality, water ecology, and water environment management of different inter-administrative regional, trans-departmental, and cross-basin bodies (Chaves and Alipaz, 2007) . Consequently, in examining the HRB as a case study, this work incorporates the water pollution prevention and control capacity (WPPC) into the water environmental supporting capacity (WESC) assessment system to develop a three-dimensional (3D) WESC model with the three dimensions of WECC, WEP, and WPPC relevant to the basin, based on the binary water cycle theory. The constraint mechanism of the water environment for economic development in the basin and spatial difference features among WECC, WEP, WPPC, and WESC are discussed and analyzed by using current data and methods. This study provides insights into improving the eco-balance, environmental protection, and industry direction of the basin, and avoids the limitations of previous research that evaluated basin management in terms of the water environment and the binary system of human activities.
Study area
The HRB region (30°55'-36°36'N and 111°55'-121°25'E) is located in eastern China (Figure 1 ), between the Yellow River and the Yangtze River, the largest two rivers in China. It can be divided into the HRB and Yishusi River Basin, with the abandoned Yellow River as the dividing line. It is the seventh largest river basin in China, with a drainage area of 269,600 km 2 , covering 173 counties and cities (municipal districts) in Jiangsu, Anhui, Shandong, and Henan provinces (Zhou et al., 2013) . The western part of the basin largely consists of hilly areas, and the rest of the basin consists of plains that cover about 2/3 of the basin's total. The average total amount of water resources in the basin is about 79.4 billion m 3 , whereas the water resource volume per capita is only 1/5 and 1/20 of the national and global averages, respectively. In 2012, the basin had a total gross domestic product (GDP) of 40.06 × 10 4 billion RMB yuan, a total population of 181 million, a population density of 672 per km 4.7 times the Chinese national average and 15.5 times the global average), and an urbanization rate of 35.91% (far below the Chinese national average of 52.57%). The basin plays a strategically important role in the national industrial undertaking and transfer, coal production, and increase in agricultural production. In 2010, the grain production of the basin was 1083.51×10 8 kg, accounting for 18.37% of the national grain output. The basin is also a major production area for wheat, maize, and rice. It is considered one of the core areas for increasing grain production in China, particularly to achieving an increase of 75×10 8 kg of grain. As an important industrial transitional zone for the economic region of the Yangtze River Delta, coal output in the basin accounts for about 1/8 of the national total. Nonetheless, in the context of serious water pollution and complex issues surrounding the water environment, the basin currently experiences resource, quality, and structural water shortages. These three types of water shortages co-exist in some midstream areas of the basin. According to the 96 state-controlled water quality monitoring sections in the basin in 2010, there are now 67 sections belonging to class IV or above, accounting for 68.4% of the total monitoring sections, of which 16 sections are worse than class V. Thus, regulating water environmental pollution is an extremely challenging task.
3 Data and research method
Data sources
(1) Geographic data, including the vector diagrams of Levels I, II, and III substreams in the HRB, vector boundaries of the administrative divisions at the municipal and county levels, 57 water environment control units, high-precision digital elevation model (DEM) data for the HRB, vegetation coverage, 96 state-controlled monitoring sections, density of river networks, and other geographic spatial data, were mainly collected from a 1:250,000 map digitization of the Huaihe River purchased as required by the Huaihe River water project. WECC is a concept that has limited uses. It is relevant to resource endowment, technological methods, and social choices and values. Moreover, WECC refers to a dynamic multifaceted relationship. The supporting role of the water environment in economic development is described by the three dimensions of WECC, WEP, and WPPC, which collectively affect the WESC. When WECC and WPPC are strong, the assimilative capacity of the water body is strong, the pollution supporting capacity generated from human activities is large, and the potential for regional development is high. In contrast, when WECC and WPPC are small, the assimilative capacity of the water body is limited, when WEP is large, the regional development is constrained. When WEP and WPPC change dynamically with the regional economic development level, management awareness, and policy factors, the carrying capacity of the water environment remains unchanged without external disturbances (e.g., water diversion outside the area). In this study, based on the principles of systematic, objectivity and independence, the latest data on these factors are gathered to form a 3D WESC dynamic assessment model of the HRB. The model can be divided into a target layer (A), a criterion layer (B), a supporting layer (C), and an element layer (D). Layer A refers to the basin WESC, and layer B contains the three dimensions of WECC, WEP, and WPPC. WECC covers the water environment capacity, water quality and volume, and natural features, and the assessment elements include the water environment capacity, water quality category, river network density, and geomorphic features. WEP represents the degree of stress that human activities place on the water environment, mainly from the total emission load of urbanization, industrialization, agricultural modernization, and sewage. For this dimension, there are 11 assessment elements, which include the urban construction land area, population density, emission load of COD and NH 4 + -N, emission load of industrial wastewater and domestic sewage, livestock breeding density (standard pigs), and amount of fertilizer application. WPPC is generally determined by water pollution treatment, the level of monitoring and early warning, and the degree of input control. The assessment elements of this dimension include the town sewage treatment rate, compliance rate of discharge of industrial wastewater, the repeating utilization factor of the wastewater, the number of toilets in rural areas, the proportion of the environmental protection input in GDP, the proportion of people employed in environmental protection, and the predicted amount of investment in control programs. One of the key issues for comprehensive assessment is determining the index weight to obtain results that are more accurate. Based on the analytic hierarchy process method, this work makes judgments and comparisons according to the relationships and hierarchical structure relationship of the 3D WESC model. Judgment matrixes are used; for example, A-B (the comparison and judgment matrix of second-grade index layer factors relative to the first-grade index layer), B 1 -C, B 2 -C, B 3 -C, B 4 -C, C 1 -D, C 2 -D, …, C 10 -D, etc. After a layer-by-layer calculation, we obtain the general ranking weight of the fourth-grade index layer (D) relative to the first-grade index layer (A) ( Table 1) . 
Units of spatial evaluation
The natural geographical zoning of HRB is obvious. However, the spatial units used in research need to be converted to county-level administrative regions to facilitate data combination and the environmental management. In this model, these objectives are achieved as follows. In ArcGIS10.2 (Redlands, CA, USA), the natural vector boundary of the HRB is superimposed on the vector boundary of the Chinese county-level administrative division in 2010. The principles for classifying the county-level administrative regions to the HRB are as follows. First, the proportion of the HRB accounting for the county territory is greater than 50%; second, the proportion is less than 50%, although the county-level administrative center is located in the basin; third, the proportion does not meet the first two conditions, but its ecological significance is high, because of water sources and important water resources. The municipal districts are integrated into one unit, and thus 173 counties (municipal districts) can be defined as the research scope for the HRB (Tang and Sun, 2012) . The supporting capability evaluation of the water environment often uses the basin as the primary unit. In contrast, cities, counties, villages, and towns are used as the primary units in practical basin management and planning. The requirements for partition and planning are more effective when the factors for evaluating the WESC of the water environment in the basin are used as the primary unit, and then converted into 173 county administrative units with the polygon overlay analysis method. This step can unify the basin evaluation units and integrate the diverse multi-scale data. The conversion formula is
where C j is the WESC data of the administrative evaluation unit i, AC ij is the area of small basin j in the administrative evaluation unit i or water function area unit, A i is the total area of the administrative evaluation unit i, and N j is the WESC of small basin j in administrative evaluation unit i or water function area unit.
Comprehensive evaluation model
Based on single-factor analysis, 10 evaluation values of the supporting layer and three evaluation values of the criterion and target layers can be calculated by summing the values from the bottom to top levels with the weighting method. WEP is set as a single negative index (the lower the value, the higher the WESC), and WECC and WPPC are positive indices (the higher the value, the higher the WESC). The spatial distribution pattern, clustering, and internal relationships of the variable factors are indicated by classifying the evaluation factors of each layer with respect to the scientific experience and geographic information system (GIS) natural classification methods for breaking points. This can be expressed as
where WEP n is the unit integrated value of index n, p is the index of the next layer included by n, W i is the weight of i index, and e i is the integrated value of i index.
Research results

Zoning assessment of WESC
Comprehensive assessment of three dimensions water environmental supporting capacity (WESC) provides the scientific basis for industrial policies that are directed at harmonizing industrial development and water environmental supporting capacity.
According to Equation (1), 57 water environment control units and 96 river monitoring sec-tion spatial scale data points can be uniformly converted into 173 county-level administrative units with interpolation and polygon overlay methods. In particular, these conversion procedures can determine the index value of the eight factor layers. In the calculation, geomorphic (digital elevation model, DEM) and water quality classifications are processed as negative indices. WECC is further divided into eight levels (I-VIII) with Equation (2), and spatial statistical analysis is conducted to acquire the density of the river network, assimilative capacity, and distribution pattern of water quality classification in different regions. On this basis, three values of the supporting layer and WECC value can be calculated by integrating the classification values (I-VIII) of the factor layer to determine the spatial differences in WECC in the basin. The high WECC values (V-VII) mainly occur in the main stream of the Huaihe River, the Southern Anhui Plain to the south of the main stream, and the North Jiangsu Plain in the middle and lower reaches (Figure 3a) . This region has a flat terrain, low elevation (≤50 m), abundant rainfall (≥1000 mm), and plentiful water resources. The river network is dense, and water distribution is excellent. In particular, the river in this region has a strong assimilative capacity. The environmental capacity for COD and NH 4 + -N is high, and the annual water quality ranges from class II to VI. The area in the high-value region accounts for 54.79% of the basin's total. The proportions of GDP (Gross Domestic Product), primary industrial output and secondary industrial output for the basin in this region are 50.39%, 52.37%, and 46.57%, respectively. The population of the area accounts for 47.60% of the basin population, implying that the WECC is high. Under these conditions, the very high WESC value areas (VIII) are generally distributed around Hongze Lake, Gaoyou Lake, and Chengdong Lake, with the main stream surrounding the border of Jiangsu and Anhui. In these areas, there is a high density of natural lakes, and the water system is well developed. The proportions of the area, population, and GDP of the very high WESC value areas are 1.62%, 10.02%, and 11.92%, respectively (Table 2 ). This suggests that this region has the highest WECC. Meanwhile, the low WECC value areas (I-IV) are generally located in sub-basins, including the Shaying River, Guohe River, and Huihe River to the north of the main stream of the Huaihe River. In these areas, the annual rainfall is relatively low, the river network is sparse, the extensive urban expansion interferes with many natural water systems, and the water environmental and assimilative capacities are relatively poor because the water self-purification capacity is low. Moreover, the water quality in these areas is frequently within the severe pollution status between Class A and Inferior Class V, and the value of WECC is low.
Zoning assessment of WEP
In the basin, WEP is mainly represented by the discharge of industrial and domestic wastewater, discharge of pollutants from agricultural livestock, poultry breeding, pesticides, and fertilizers and soil nutrients. The WEP values of different areas in the basin can be obtained with Equation (2), and used to discuss its geographical variation. The high WEP value areas (V-VII) are mainly distributed in the North Jiangsu Plain and Shandong hills on the east coast of the basin, and in the central plain economic core regions in the northwest of the basin (Figure 3b ). In these areas, the economy is developed, the population density is high, and modernization levels of urbanization, industrialization, and agriculture are higher than those of the other areas of the basin. The levels of COD, ammonia, and total phosphorous-to-total-nitrogen ratios are increasing, induced by the discharge of industrial and domestic pollutants, resulting in dangerous WEP for the water environment. The area in the high WEP value region accounts for 37.76% of the basin's total. The proportions of GDP, population, agricultural acreage, agriculture, and industry in this region are 61.78%, 42.96%, 40.20%, 46.57%, and 68.81%, respectively. The population density is 765 per/km 2 and the livestock and poultry breeding density is 960 standard pig/km 2 (Table 3) . Intense human activity excessive development and urban expansion have resulted in a huge WEP increase for the water environment, and WEP in some areas at the maximum level. The large WEP of the water environment may be contributed by the following two reasons. (i) The majority of high WEP value areas are located in the center of the economic zone in the central plain and the national industrial undertaking and transfer zone. The Yangtze River Delta urban agglomerations and Shandong peninsula economic zone are playing an important radiation role in this region. Moreover, the level of urbanization, industrialization, and economic development is higher than that of the other areas.
(ii) These areas are directly benefitted from the industrial transfer. Several pollutants are also transferred because of the industrial transfer for regional development, resulting in new challenges to the WEP of the water environment.
Zoning assessment of WPCC
There are numerous problems in the upstream, downstream, and left and right banks of the basin, and in the different administrative regions. These water pollution concerns include water resource allocation, transboundary contamination, eco-compensation, and emissions and water rights trading. Many factors affect WPPC. This work includes the water pollution control processing technology; monitoring and early warning for emergencies and water pollution crises; management and supervision of the government, the public, media, and non-governmental organization (NGOs); and investment in preventing and regulating pollution to evaluate WPPC efficiently, based on scientific selection of indexes. The WPPC is evaluated by focusing on management and supervision, investment in prevention, and wastewater treatment research, monitoring, and early warning. The high-value areas of the basin are mainly distributed in the North Jiangsu Plain and Shandong Hill on the east coast of the basin. Bounded by the eastern route of the South-to-North Water Diversion, most high-value areas of the basin are located in the eastern region, whereas the majority of the low-value areas are situated in the western region (Figure 3c ). The area in the high-value region accounts for 48.24% of the basin's total. The proportions of GDP, population, agricultural acreage, agriculture, and industry of the basin in this region are 66.49%, 51.32%, 48.92%, 51.86%, and 66.80%, respectively. The population density is 714 per/km 2 and the livestock and poultry breeding density is 806 standard pig/km 2 (Table 4 ). The differences in WPPC over the entire basin are obvious, in which most of the region has significantly development potential and space. By performing a further spatial comparison among the areas within the basin, when the region, including its environment, has higher WPPC, its economy can be developed efficiently, the people in the area may be more environmentally aware, and the market regulation system can be comprehensively improved. Finally, when media su-pervision in the area is more effective and transparent, government regulation and the use of anti-pollution funds within the area can be increased. In less developed areas, the WEP of the environment is low, and the environmental awareness of the public is low. Moreover, these areas are characterized by imperfect supervision and management, and limited investment, reducing the WPPC. 
Zoning assessment of WESC
Based on the zoning evaluation, WESC can be calculated and developed, the zones can be evaluated, and the types of region can be classified. The proportion of the WESC high-value regions in the basin increases. Thus, the WESC of 56.24% of the areas within the basin satisfies the requirements for economic development. However, a clear conflict between people and water exists in the remaining areas. Therefore, the water environment cannot continue to support the socioeconomic development of these areas. The water environment should be managed and regulated, and development should be limited or stopped to protect the water environment. The high-value regions account for proportions of 52.45% of GDP, 48.84% of the population, 52.02% of the agricultural acreage, 52.88% of agriculture, and 45.43% of industry in this region. The population density is 624 per/km 2 and the livestock and poultry breeding density is 502 standard pig/km 2 ( Table 5 ). The high-value areas of the basin are primarily distributed in the downstream region, the main stream region, and most regions in the south of the main stream (Figure 3d ). There are distinct differences among the south and north banks, and the upstream, midstream, downstream, and Yishusi River stream of the basin. Furthermore, the WESC of the basin is higher on the south bank of the main stream than that of the north bank, whereas the downstream is higher than the upstream and midstream. The WESC of the upstream is higher; the proportions of high-and low-value areas are 86.71% and 14.29%, respectively. The WESC of the downstream relatively is the highest, and the entire administrative region is in the high WESC value area. The midstream and Yishusi River stream have low WESC values (Figures 4 and 5) . 
Partition guidance for HRB industries
The Huaihe River-Qinling Mountains boundary is important for China. The northern and southern sides of the Huaihe River show enormous differences in air temperature, rainfall, vegetation type, ecological landscape, resources and environment, production methods, and lifestyle. The distribution and regulation of industry differentiation can be clearly managed. Water environmental protection and pollution prevention can be positively managed by representing the WESC of the basin in 3D space by using the WECC, WEP, and WPPC values of each unit as the X, Y, and Z axes, respectively. Moreover, these objectives can be achieved by using the higher and lower critical points of the index as the origin of the X, Y, and Z axes according to the principle of the 3D model. Finally, the coordinate system can be divided into eight in intervals and eight types of industry ( Figure 6 and Table 6 ). The spatial features of WECC, WEP, and WPPC of each unit can be precisely presented to guide (1) H-H-H. In this type of area, the values of WECC, WEP, and WPPC are high, and the high-quality water environment and large investment in preventing pollution have supported economic development. These areas, which are mainly distributed in the downstream of the basin and to the west of the eastern route of the south-to-north water diversion project, have an area, GDP, and industrial output of 19.07%, 31.46%, and 30.97%, respectively, of the basin. The industrial distribution of these areas should be optimized and their industrial structure should be refined. Moreover, the use of pesticides and fertilizers in these areas should be strictly controlled to protect the water environment. Meanwhile, the food processing, textile and garments, biomedicine, machinery and electronics, and modern organic agriculture industries of these areas can be developed. (2) H-H-L. The development speed of this type of area is faster than that of the areas where speed of pollution prevention, and their subsequent security for supporting development are poor. (3) H-L-L. These areas have high WECC, WEP and WPPC are poor. This type of area accounts for 5.34% of the basin's total, and the proportions of GDP and industrial output value are 7.03% and 9.25%, respectively. Accordingly, for this type of area whose development largely depends on water diversion or groundwater exploitation, further disordered exploitation should be limited. The standards for environmental access and emissions should be improved. The wastewater treatment equipment in these areas should also be upgraded. Clean production and soil testing for formulated fertilization should be implemented, and eco-tourism, low-carbon agriculture, and other low-pollution industries should be developed to realize coordinated development between water environment and economy. (4) H-L-H. The values of WEP and WPPC of this type of area are higher, whereas their WECC value is lower. Consequently, the cost of developing water environment in these areas is high, and relies heavily on investment in preventing water pollution. The H-L-H areas are principally distributed in economic zones, such as Zhengzhou, Luoyang, and Xuzhou in the central plain, in which the manufacturing industries are concentrated. This type of area accounts for 9.78% of the basin's total, and the proportions of GDP and industrial output value are 20.46% and 25.24%, respectively. The high WEP of the water environment in this area is caused by the expansion of urbanization, water resource shortages, and overload of water environmental capacity. In these areas, ecological, agricultural, and industrial water use should be coordinated; the structure and distribution of the three industries should be optimized; the carrying capacity of the water environment should be promoted by investing in and practicing water conservancy; the population size should be controlled; the water industry should be rapidly upgraded; fish breeding and poultry raising must be integrated; the textile printing and dyeing, rubber and plastic, petroleum chemical industries, and other high-polluting enterprises should be limited. In addition, the culture and education, transport and logistics, machinery manufacturing, electronic information, and other high-and new-technology industries should be developed. (5) L-L-H. The values of WEP and WECC of this type of area are lower, whereas the WPPC is higher. L-L-H areas account for 9.78% of the basin's total. In these areas, the direction of investment and the scale of industry should be optimized; the current leading industry chain should be established and promoted; and the coal power, wine brewing and food, textile and garment, and ceramic building materials should be developed in restricted clusters. (6) L-H-H. The WEP of this type of area is poor, and the WECC and WPPC are higher. These areas are chiefly situated in Shouxian, downtown Bengbu, and Gaoyou on the two sides of the main stream of the midstream and downstream regions of the Huaihe River. This type of area accounts for 14.39% of the basin's total, and the proportions of GDP and industrial output value are 9.82% and 7.48%, respectively. The development potential of this type of area is clear. For long-term environmental control, part of these areas should not be developed to ensure that the water quality of the main stream of the Huaihe River remains satisfactory. Nevertheless, even with strict enforcement of the environmental impact assessment, these areas still have considerable development potential. Based on the existing industrial foundations, projects conforming to the national industry policy and the requirements of industrial development should proceed, and an industrial transfer platform that connects with the Yangtze River Delta should be formed to limit the industry transfer zone in Anhui and Jiangsu. Thus, new energy resources, food processing, automotive assembly, coal elec-tricity, building materials, and chemical industry can be developed. (7) L-H-L. The values of WEP and WPPC of this type of area are lower, whereas the WECC is higher. These areas are mainly around the source and upstream of the Huaihe River. This type of area accounts for 19.47% of the basin's total. These areas cannot be developed extensively because they consist of many mountains and hills. Therefore, based on their good water environment and ecology, the scale and location of agriculture of these regions should be optimized, and eco-tourism, aquaculture, grain and oil processing, and other clean industries should be developed. (8) L-L-L. The values of WEP, WECC, and WPPC of this type are low. These areas are primarily distributed in most regions in Anhui and Henan, which are located south of the main stream. This type of area accounts for 22.42% of the basin's total, and the proportions of GDP and industrial output value are 14.14% and 12.34%, respectively. Based on point and nonpoint source pollution, the agricultural planting structure of these counties should be adjusted to reduce water environmental pollution caused by fertilizers and pesticides, and farmers should be helped to plant efficient drought-resistant crops, and optimize water resource allocation, manufacturing, and electricity consumption. Modern agriculture with low water and energy consumption should also be developed within this sector by conforming to the hierarchy of protection, prevention, and development, thereby encouraging and promoting investment of pollution control in the private sector.
Conclusions and discussion
Research conclusion
The HRB is an area that has been substantially altered by human activities. In this region, the conflict between water and humans is serious because of increasing long-term pollution and excessive development. This issue requires urgent resolution to curb the continuing deterioration of the water environment to achieve sustainable development of the socioeconomy and water environment. This work serves as a basis for planning and managing the distribution of industry in the basin and protection of the water environment, through the construction of a 3D WESC model. This model is intended to guide the economic development of the water environment based on understanding the relationship between humans and water, scientific assessment of the WESC partition, and classification of the areas of the basin. The following conclusions can be drawn from the results obtained in this research.
(1) The WECC of the HRB shows large geographical variation. The high WECC areas account for 54.79% of the basin's total. They are mainly located to the east of the eastern route of the South-to-North Water Diversion, south of the Huaihe River, and the lakes and wetlands on the Jiangsu-Anhui border that have plenty of water resources (e.g., Weishan, Hongze, and Gaoyou Lakes). The upper sub-basins (e.g., Shayin, Huihe, and Honghe Rivers) have a low carrying capacity because they experience less rainfall. Overlapping characteristics can be observed between the basin WEP and WPPC spatial distributions. Areas with a large WEP also have a large WPPC, and vice versa. The high-value areas account for 37.76% and 48.24% of the basin's total, and they are primarily situated in the downstream areas with high population densities, high industrialization, urbanization, and modern agriculture. These areas also include the hinterland of the central plains economic zone in the northwest of the basin (e.g., Zhengzhou, Kaifeng, and Luoyang). The large area to the south of the basin headstream, upstream, and mainstream has smaller WEP, with a relatively small WPPC.
(2) The WECC of the HRB shows large differences between the south and the north, and among the three regions. The area with high WESC only accounts for 56.24% of the basin's total. The high-value areas are mainly located in plains, rivers, and lakes with good water access in the downstream, with abundant water resources, advanced economic development, and good pollution prevention. Meanwhile, the low-value areas are located in the midstream region. These regions suffer from shortages of resources, poor water quality, and structural water shortages, and rely on overexploitation of the groundwater to maintain a balance between supply and demand.
(3) Based on the WEP, WECC, and WPPC, industry should be located in the area east of the eastern route of South-to-North Water Diversion (less restricted by the water environment) and in the area south of the mainstream (improved natural carrying capacity of the water environment). For the midstream and Yishusi River basin, particularly in Zhengzhou, Kaifeng, and Luoyang in the economic zones of the central plains, local industries should be upgraded; the development of severe pollution industries, such as textile, dyeing, petroleum, chemical, and paper, should be strictly constrained; industrial capacity should be gradually eliminated; and clean, low-pollution industries should be developed. In these areas, the water environment capacity is saturated. The upstream and water resources of the basin, important sources of drinking water, the eastern route of the South-to-North Water Diversion, and ecologically fragile areas must be protected or only limited development allowed to ensure a good water environment and provide a clean water supply.
